Polyethylene glycol (PEG)-based hydrogels are biocompatible hydrogels that have been approved for use in humans by the FDA. Typical PEGbased hydrogels have simple monolithic architectures and often function as scaffolding materials for tissue engineering applications. More sophisticated structures typically take a long time to fabricate and do not contain moving components. This protocol describes a photolithography method that allows for facile and rapid microfabrication of PEG structures and devices. This strategy involves an in-house developed fabrication stage that allows for the rapid fabrication of 3D structures by building upwards in a layer-by-layer fashion. Independent moving components can also be aligned and assembled onto support structures to form integrated devices. These independent components are doped with superparamagnetic iron oxide nanoparticles that are sensitive to magnetic actuation. In this manner, the fabricated devices can be actuated using external magnets to yield movement of the components within. Hence, this technique allows for the fabrication of sophisticated MEMSlike devices (micromachines) that are composed entirely out of a biocompatible hydrogel, able to function without an onboard power source, and respond to a contact-less method of actuation. This manuscript describes the fabrication of both the fabrication set-up as well as the step-by-step method for the microfabrication of these hydrogels-based MEMS-like devices.
Introduction
MEMS devices have found a multitude of applications especially in the field of medical devices. Although they lend a lot of added functionalities and the miniaturized nature of these devices make them attractive for use as implantables 1, 2, 3 , these devices often have inherent safety and biocompatibility issues, as they are composed of materials that could be harmful to the human body (e.g., metals, batteries, etc.) 4, 5, 6 . PEG-based hydrogels are liquid swollen polymer networks and have been frequently used for applications such as tissue engineering scaffolds largely in part due to their high biocompatibility 7, 8 . PEG-based hydrogels have also been FDA-approved for use in humans 9, 10, 11 . However, due to the material properties of hydrogel, they do not easily withstand normal manufacturing processes such as techniques used in typical silicon-based microfabrication. Thus, hydrogel-based constructs are typically limited to simple monolithic architectures. Current efforts at microfabrication of hydrogels have resulted in structures with micron-sized features; however, these structures are often of a single layer and a single material 12, 13 and lack moving components 14, 15, 16 .
In a previous work, we describe a strategy for fabricating micromachines that are composed entirely of a biocompatible PEG-based hydrogel material 17 . Micron-sized features can be fabricated easily using a photolithography method and these structures can be built upwards using a layer-by-layer method, enabled by the precise z-axis movement of the substrate on which the hydrogels are polymerized. Hydrogels of different compositions can be fabricated adjacent to each other. Additionally, these devices have moving components that can be actuated using an external magnet. This versatile technique is also suitable for processing any soft material or hydrogel that is photo-polymerizable. Thus, this technique is well-suited for fabricating sophisticated MEMS-like devices composed entirely of hydrogels.
Protocol

Fabrication Stage
Layer-by-layer Fabrication of Hydrogels: Top Sealing Layer and Bottom Support Structures
1. To create a hydrogel layer that will subsequently be used to seal the formed device, use an untreated piece of glass coverslip (No.2) as a "lid" for the PDMS chamber. This "lid" is referred to as the top substrate. 1. Starting from the "zero" level of the device, lower the bottom substrate using the micrometer head to the desired height. The distance between the top and bottom substrates defines the thickness of the first hydrogel layer (Z 1 , Figure 3A ). 2. Deposit a small volume of the PEGDA prepolymer (e.g., a mixture of 400Da PEGDA with 1% Darocur 1173), sufficient to cover the bottom substrate. 3. Place the top substrate onto the PDMS chamber.
NOTE: It is important to ensure that there are no air bubbles trapped between the top and bottom substrates. 4. Place a photomask with desired design on top of the top substrate ( Figure 2C (i) ). Ensure that the mask is in full contact with the top substrate and aligned to the bottom substrate. 5. Expose the hydrogel prepolymer to UV light through the photomask (Step 1, Figure 3A) . Ensure that exposure is done within an enclosed space that prevents stray UV light exposure to the surrounding area. Caution: Wear UV protection (e.g., UV goggles) when operating the system. NOTE: The power and duration of exposure depends on the type of UV system and PEGDA prepolymer used. 6. For example, for a 200 W UV lamp and 99% PEGDA (400 Da PEGDA with 1% photoinitiator (v/v)) prepolymer solution, set the lamp power at 16% (corresponding to ~2.3 W/cm 2 ) and fully cure the hydrogels within 4 seconds. The duration of exposure should be increased with decreasing lamp power and increasing PEG chain length of the prepolymer used. 7. After the hydrogel layer has been polymerized, lift the top substrate off the PDMS chamber. The polymerized layer should be adhered onto the top substrate (inset for Step 1, Figure 3A ). Reserve this adhered layer for use later to seal the assembled device. Shield this polymerized layer from light. NOTE: Keep this polymerized layer away from light and wet with excess uncrosslinked prepolymer to prevent the layer from drying out and cracking.
2. To create the bottom support structures, use PDMS-coated glass coverslips as the top substrate of the PDMS chamber. 1. Deposit more hydrogel prepolymer onto the bottom substrate and cover the PDMS well with a PDMS-coated glass coverslip. This is to ensure that the polymerized layers remain on the bottom substrate, allowing the user to build layers upwards (Step 2, Figure 3A ). 2. Repeat steps 5.1.4 and 5.1.5 with the desired photomask design (Figure 2c (iii) ). 3. Remove the top substrate and add more PEGDA prepolymer and lower the bottom substrate using the micrometer head to the desired level. This level should correspond to the thickness of the 2 nd layer of hydrogel to be polymerized (Z 2 , Step 3, Figure 3A ). 
Assembling and Sealing the Hydrogel-based Device
1. To assemble and seal the device, first remove the top substrate (PDMS-coated glass) and using a pair of tweezers, place pre-formed hydrogel components (e.g., gears, iron-doped components) onto the support structures (Part (i), Step 4, Figure 3A) . NOTE: A permanent magnet may be used to align any iron-doped components (refer to iron oxide doping of hydrogel components for fabrication steps). 2. To seal the device, first bring the bottom substrate to the final desired height of the assembled device using the micrometer screw gauge.
This should be the final height of the device, taking into account the thickness of the layers, interior components and any clearances given for moving components (Z 4 , Step 5, Figure 3A) 1. Place the pre-formed hydrogel layer adhered onto the untreated glass coverslip from 5.1 onto the partially assembled device (Part (ii),
Step 4, Figure 3A) . Carefully place the pre-formed layer such that it is correctly aligned to the structures below it. 2. Place a photomask that allows for the sealing of the device but protects the interior moving components from UV exposure. Ensure that the moving components are not polymerized to the edges of the device, preventing their movement during actuation. 3. Expose the entire structure to UV light (Part (i), Step 5, Figure 3A ). 4. Lift the glass coverslip from the fabrication stage. The sealed device should adhere to the top substrate ((Part (ii), Step 5, Figure 3A) .
NOTE: If the device remains adhered to the bottom substrate, carefully lift the device with a pair of flat-tipped (non-serrated) tweezers or a flat spatula. 5. Carefully remove excess unpolymerized PEGDA using vacuum suction and carefully lift the device off the glass coverslip using a pair of flat tweezers or flat spatula. 6. Place the device into saline solution or DI water. Hydrogels swell in solution. Leave the device in solution for at least 30 minutes to allow for stabilization and expansion of the device and the interior components. NOTE: If the device is to be used for in vivo implantation, it is important to rinse and leach off any uncrosslinked prepolymers. This can be done by changing the solution in which the device is incubated in every hour (at least 3 rinses) and leaving the device in solution overnight, and rinsing off with more solution. 7. Remove air within the device by placing the device within a Petri dish filled with DI water or saline within a vacuum chamber (connected to central laboratory vacuum systems) for at least 30 minutes. This will result in degassing of the device and the device will be filled with solution once negative pressure is removed. NOTE: Keep the device hydrated/in solution at all times. The device may crack should it be left to dry out. 2. Pipette a small volume of the iron oxide -PEGDA prepolymer mixture onto the bottom substrate of the PDMS chamber. 3. Cover the PDMS well with the top substrate (PDMS-coated glass) to ensure that the formed hydrogels remain on the bottom substrate. 4. Bring the bottom substrate to the desired height using the micrometer head. NOTE: Thin layers (200 µm) of iron oxide-doped PEGDA should be polymerized with each single exposure. This is due to the decrease in depth of penetration of the UV light as the iron oxide nanoparticles are opaque and are able to absorb and block UV light. 5. Using a photomask that defines the shape of the segment to be doped with iron oxide within the moving component, expose the thin layer of iron oxide doped prepolymer to UV light (Figure 4(i) ). NOTE: UV exposure time should be increased to ensure that the iron-doped segment is fully cross-linked (~10 seconds). 6. Lower the bottom substrate and repeat step 6, building the iron-doped segment in thin layers each time to the desired height (Figure 4(ii) ). A total of 5 layers should be polymerized to yield a 1mm tall iron-doped segment. 7. After the iron-doped segment is complete (Figure 4(iii) ), remove any excess iron-doped prepolymer using vacuum suction. Do not remove the iron-doped segment from the fabrication stage. 8. Deposit the PEGDA prepolymer (undoped) onto the polymerized iron-doped segment. Bring the bottom substrate to the final height of the component to be completed. Cover the PDMS well with the top substrate (PDMS-coated glass). 9. Using a photomask that defines the entire shape of the moving component, expose the PEGDA prepolymer, as well as the iron-doped segment, to UV light (Figure 4(iv) ). 10. Remove the top substrate and remove excess unpolymerized PEGDA prepolymer using vacuum suction. A PEG component with a doped iron-oxide segment should remain on the bottom substrate. Gently lift this component using a pair of tweezers. 11. Reserve this iron-doped component for assembly onto support structures of a PEG-based device (Part (i), Step 4, Figure 3A ). Shield this component from light and ensure that it remains wetted with uncrosslinked prepolymer before use.
Iron Oxide Doping of Hydrogel Components
Actuation of the Assembled Device
NOTE: The iron-doped components within the assembled device can be actuated to move using a strong permanent magnet such as neodymium (N52 strength). Be careful to avoid pinching hazards as these magnets are very strongly attracted to ferromagnetic materials.
1. Place a neodymium magnet below or above the device within 1 -2 cm away from the device. While moving the magnet, the movement of the iron-oxide doped components should shadow the movement of the magnet. NOTE: An actuator can be built using a motor that is attached with a magnet. The rotation of the motor should allow for rotational actuation of the iron doped component. Figure 3B shows images of the layers of hydrogels polymerized using the fabrication set-up. Figure 3B (i) shows a fabricated 400 µm thick base layer with a 600 µm aperture. Figure 3B (ii) shows a further two layers that were layered on top of the base layer; a 500 µm tall perimeter and an 800 µm tall axle in the middle. The total fabrication time for these three layers was less than 3 minutes taking into account 4 seconds of exposure for each layer and time taken to adjust the height of the bottom substrate and alignment of photomasks. Previous work performed on the same fabrication set-up demonstrates that a variety of designs can be fabricated with resolutions as high as 100 µm.
Representative Results
The hydrogel components could also be easily doped with iron oxide nanoparticles. The exposure times were optimized to ensure thin layers (200 µm) of PEGDA prepolymers doped with iron oxide nanoparticles could be fully polymerized. Figure 5A shows the photomask used to define the shape of the iron oxide segment to be polymerized. The un-doped PEGDA prepolymer can be fully polymerized within 4 seconds of UV exposure. However, when the iron oxide doped prepolymer was exposed for 4 seconds to UV, the resultant hydrogel was not fully polymerized, as can be seen in Figure 5C . The segment generated was thinner (as compared to a fully cross-linked segment shown in Figure 5B ), and the edges were uneven with compromised fidelity as compared to the shape defined by the photomask. UV exposure of 10 seconds was required to fully cross link the iron oxide segment and Figure 5B shows the iron oxide segment that was generated; the polymerized iron oxide segment is of full thickness (200 µm) with straight edges, and shape fidelity is closely maintained as compared to the photomask ( Figure 5A) . Conversely, over exposure (>15 seconds) to UV light generated iron oxide segments that were over polymerized. Figure 5D shows an over polymerized segment that has poor shape fidelity and is larger than the shape defined by the photomask. Figure 6A shows a complete device after sealing with proper alignment by utilizing photomasks with alignment marks. The gear within the device is entirely within the central void of the device and is thus responsive to magnetic actuation. Figure 6B shows a device with a misaligned sealing layer. Figure 6C shows the bottom layers of hydrogel and the gear itself elucidated with black outlines and Figure 6D shows the misaligned sealing of the top hydrogel layer elucidated in white outlines. As can be seen from Figure 6D , portions of the gear that fall within regions where polymerization would take place during sealing (shown in red fill) results in portions of the gear being anchored to the bulk of the hydrogel material. This prevents the gear from moving during actuation. 
Discussion
This technique is a facile and rapid method for layer-by-layer photolithography of hydrogel microstructures. Using an additive manufacturing approach, we can easily build a variety of 3D structures out of biocompatible materials and even incorporate moving parts. This would thus enable the formation of entirely biocompatible microdevices. The technique is based on simple repetition of lithography steps, which is enabled by the precise control of the height of the bottom substrate via a micrometer head. Traditional fabrication techniques used in the MEMS industry, involving harsh processing techniques and sacrificial materials, is often not compatible with the processing of soft hydrogels. Other methods for 3D printing hydrogels, such as extrusion-based methods, are limited to spatial resolutions above 200 µm and print speeds of mm/s for simple structures that do not include moving parts 18, 19 . Stereolithography (SLA) and digital light project (DLP) based bioprinters maybe be able to achieve better resolutions but are also a lot costlier to setup. These fabrication strategies are also not able to easily print overhangs without supporting substrate materials, which could be difficult to introduce and remove from the completed device. We circumvent this by aligning and polymerizing a pre-formed sealing layer to the fabricated support structure as a final step to form the completed device. The design of the fabrication set-up gives the user easy access to the fabricated structures and allows for the easy alignment of various components with the use of alignment marks.
The strategy presented here is also a lot faster than other techniques of similar resolutions; the total time taken for the demonstrated fabrication of the device with a rotating is about 15 minutes. Another added advantage of this fabrication strategy, though not demonstrated in this protocol but shown in our previous work 17 , is the ability for the user to quickly and easily change the type of polymer used between steps which can be done in small volumes. In this way, one can create devices that are a composite of different types of hydrogels. The device fabricated using this strategy also has the added advantage of contactless actuation as the gear contains a segment that is doped with iron oxide nanoparticles, rendering the gear sensitive to magnetic actuation and can thus be actuated using an external magnet. Additionally, the device is entirely biocompatible and hence may be safely implanted in vivo.
An important feature of this technique is the treatment of the different glass substrates, which enables the user to preferentially adhere or repel the polymerized hydrogel to either the bottom or top glass substrate. When a combination of untreated glass is used with a PFOTStreated glass surface (bottom substrate), formed hydrogels will preferentially adhere to untreated glass, as they are repelled from the fluorinated surface of PFOTS-treated glass. Conversely, when PDMS-coated glass is used with the PFOTS-treated bottom substrate, hydrogels will tend to remain on the PFOTS-treated surface as PDMS surfaces more strongly repel the formed hydrogels. This feature allows one to build upwards, adhere hydrogels such that they are immobilized on glass substrates and can be reserved for alignment to other structures at a later point in time, or even build downwards. This adds to the flexibility of the technique and types of designs that can be fabricated as well as enables the incorporation and sealing in of independent, free-moving hydrogel components.
During the layer-by-layer fabrication, it is important to optimize the polymerization time used. Hydrogels should be optimally cross-linked such that they form at full thickness as well as at high fidelity as compared to the shapes defined by the photomask. This is dependent on the power of the lamp and the type of hydrogel used. Although not shown in this protocol, the polymerization time decreases with increasing lamp power and increases with increasing PEG chain length and decreasing concentrations of PEGDA used. Other factors that affect the amount of energy available for photopolymerization, such as the change in opacity of the prepolymer due to the addition of iron oxide nanoparticles (Figure 4) , will also affect the polymerization time. Optimization for cross-linking conditions for different hydrogel compositions is thus required before the start of the fabrication process of devices.
The use of alignment marks on the photomasks and the proper alignment of the hydrogel layers, especially the final sealing layer, are important to ensure that proper sealing is performed, and the interior components are not inadvertently cross-linked to the surrounding support structures during the fabrication process. This would prevent these components from freely moving during magnetic actuation. As shown in Figure 5 , a misaligned top sealing layer and photomask results in the crosslinking and anchoring of a portion of the gear to the bulk material of the device itself. As a result, this gear does not rotate when actuated with a magnet.
The devices can be actuated using strong permanent magnets such as neodymium magnets. These magnets generate strong magnetic forces when in close range to ferromagnetic materials and care should be taken to prevent injury. The device can be actuated to move without the magnet coming in contact with the device; the magnet can be held or placed ~1cm away from the device. The movement of the iron-doped components should mirror the movement of the magnet and can be actuated to move continuously or oriented intermittently as desired. The device can be manually actuated or an actuation set-up can be used. The magnet can be attached to any actuator (e.g., servo motor) to rotational movement. The speed of rotation of the magnet, and hence the speed of rotation of the iron-doped component, can be controlled using a microcontroller. This provides for a more precise method of actuation. Figure 8 shows schematics and images of various designs from previous work that were fabricated using this same technique and demonstrate the versatility of this method. These designs range from simple devices that resemble valves ( Figure 8A ) to more complicated and sophisticated designs that draw inspiration from the Geneva drive design ( Figure 8D ) that comprise of 2 engaged gears that produce intermittent movement. The smallest features that can be generated using this technique were typically about 100 µm and each design is composed of multiple layers (3 to 6 layers). Different types of hydrogel compositions (with differing mechanical strengths and porosity) can also be polymerized and bonded to each other. Hence, one can easily combine the types of hydrogels to be used within a device depending on the required function of the different components within the device.
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